S
ignaling through the αβT cell receptor (TCR) is a crucial determinant of T-cell fate and can induce two opposite outcomes during thymocyte development: cell death or survival and differentiation. To date, the role played by T-cell receptor in the oncogenic transformation of developing T cells remains unclear. Here we show that human primary T-cell acute lymphoblastic leukemias expressing an αβT cell receptor are frequently deficient for phosphatase and tensin homolog protein (PTEN), and fail to respond strongly to T-cell receptor activation. Using Pten-deficient T-cell acute lymphoblastic leukemia mouse models, we confirm that T-cell receptor signaling is involved in leukemogenesis. We show that abrogation of T-cell receptor expression accelerated tumor onset, while enforced expression of a fit transgenic T-cell receptor led to the development of T-cell receptor-negative lymphoma and delayed tumorigenesis. We further demonstrate that pre-tumoral Pten-deficient thymocytes harboring fit T-cell receptors undergo early clonal deletion, thus preventing their malignant transformation, while cells with unfit Tcell receptors that should normally be deleted during positive selection, pass selection and develop T-cell acute lymphoblastic leukemias. Altogether, our data show that fit T-cell receptor signaling suppresses tumor development mediated by Pten loss-of-function and point towards a role of Pten in positive selection.
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Introduction
Thymopoiesis aims to create a repertoire of mature T cells equipped with a diverse array of functional αβ or δg T-cell receptors (TCR) able to recognize the broadest possible range of foreign antigens. This large receptor diversity is mainly due to the V(D)J recombination process, in which few of a large pool of V, D and J gene segments are somatically rearranged with imprecise joining. The price to pay for this strategy of random generation of diversity is the creation of a high load of CD4 + CD8 + DP cortical thymocytes bearing no, or "unfit" receptors, i.e. displaying a too low or too high affinity for self peptide-major histocompatibility complex (p-MHC), and which will have to be eliminated through death by neglect (>90% thymocytes) and negative selection (Online Supplementary Figure S1A) . 1 Only the small pool of thymocytes expressing TCR with intermediate affinity and/or avidity for p-MHC (denoted here as fit TCR) will be induced to further differentiate into mature CD4 or CD8 single-positive (SP) thymocytes, a transition known as positive selection. Therefore, TCR signaling can induce two opposite outcomes during thymocyte development: cell death or survival and differentiation.
Somatic rearrangement, proliferation and selection provide a propitious environment for major derailments of thymocyte ontogeny. T-cell acute lymphoblastic leukemias (T-ALL) are malignant proliferation of such T-cell progenitors abnormally arrested at various stages of their maturation process (Online Supplementary Figure  S1B) . [2] [3] [4] They constitute a particularly heterogeneous group of diseases, resulting from a large array of genetic and epigenetic alterations in oncogenes and tumor suppressors. [5] [6] [7] A wealth of information has emerged from recent pan-(epi)genomic analysis of T-ALLs, and this has allowed mapping of cell-intrinsic genetic defaults in these cells to be expanded. However, much less is known about the potential cell-extrinsic cues that may impact on the leukemia genesis process, including the role that the TCR might play in malignant transformation throughout thymocyte selection, survival and proliferation. [8] [9] [10] In this study, we sought to address how TCR signaling can interfere or, on the contrary, can be integrated in T-ALL oncogenic networks.
Methods

Patients' samples
Diagnostic specimens (peripheral blood or bone marrow) collected from patients treated at the Timone Children's Hospital or Paoli Calmettes Institute (Marseille, France) or from Necker Hospital (Paris, France) were used to generate xenografts. Diagnosis and classification were defined by expression of specific T-cell markers and negativity for B cells and myeloid markers. Healthy human thymus were obtained from Timone Children's Hospital. Samples were purified by Ficoll-Hypaque centrifugation. T-ALLs were included within FRALLE-2000 or GRAALL-2005 protocols, and informed consent for use of diagnostic specimens for future research was obtained from the patients or relatives in accordance with the Declaration of Helsinki. This study was approved by institutional review boards of all hospitals involved.
Mice
Mice were bred and housed in specific pathogen-free conditions in CIML animal facilities and were handled in accordance with French and European guidelines. Mice strains and oligonucleotides used for mice genotyping are listed in the Online Supplementary Methods and Online Supplementary Table S1 . Xenotransplantation of primary human T-ALL samples in immunodeficient NSG mice was performed as previously described. Table S2 ). P-Tyr levels were quantified on the entire lane and normalized to ACTIN. P-AKT protein levels were normalized to AKT.
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TCR-signaling ability assays
Proliferation and apoptosis assays following CD3/CD28 stimulation
For comparison of the TCR-signaling ability to mediate proliferation or apoptosis of normal or leukemic cells, 1.105 of non-purified or CD4 SP purified T cells were mixed (ratio 1:1) with Dynabeads Mouse T-Activator CD3/CD28 (Life Technologies) or Dynabeads Human T-Activator CD3/CD28 (Life Technologies) in 96-well flat bottom plates and incubated for 24 or 72 hours (h) (37°C, 5% CO 2 ). For unstimulated controls, thymocytes were incubated in the same conditions but without anti-CD3/CD28 coated beads. Proliferation was measured using CFSE labeling (CellTrace™ CFSE Cell Proliferation Kit, Life Technologies) and apoptosis was followed using AnnexinV labeling (BD Pharmingen) and 7-AAD (BD Pharmingen) according to the manufacturer's instructions.
Statistical analysis
Kaplan-Meier survival curves and statistical analyses were performed using GraphPad Prism software. Survival curves were compared using log-rank (Mantle-Cox) test. Statistical significance was evaluated by two-tailed Mann-Whitney U-test. P<0.05 was considered significant.
Further details are provided in the Online Supplementary Methods and antibodies used for flow cytometry are listed in Online  Supplementary Tables S3 and S4 .
Results
Pten del thymocytes expressing transgenic TCR are counter-selected during leukemogenesis
Phosphatase and tensin homolog protein (PTEN) is a well-known tumor suppressor involved in numerous types of cancers, and represents the main negative regulator of PI3K/AKT signaling pathway. 12 To investigate the role of the TCR in leukemogenesis, we used a Pten-deficient mouse model of T-ALL which has previously been shown to induce TCRαβ + tumors. 13, 14 Pten Flox/Flox mice were crossed into a CD4-Cre background (hereafter referred to as Pten del ) in which Cre is fully active at the CD4 + CD8 + double positive (DP) stage of thymocyte development. 15 As previously described, 16 Pten del mice developed leukemia characterized by malignant proliferation of mono/oligoclonal T cells (Online Supplementary Table S5) , and enlarged thymus and spleen ( Figure 1A ). Peripheral leukemic blasts from Pten del mice were typically CD4 SP and expressed αβTCR at their surface ( Figure 1B and Online Supplementary Table S5 ), in line with previous reports. 14, 16, 17 To analyze the impact of positive selection, we used the OT-II mouse model which expresses a transgenic Vα2/Vβ5.1 TCR recognizing the chicken ovalbumin antigen in the context of MHC-II molecules. 18 Pten del mice were crossed with OT-II Rag1-deficient mice, in which all developing T cells do express an OT-II fit TCR, designed to trigger positive selection and give rise to mature SP T αβTCR signaling acts as a tumor suppressor haematologica | 2018; 103(6) 
*Negativity for TCRVa2 and the TCRVα expressed was not determined. Figure S2 ) developed T-cell lymphoblastic lymphomas (T-LBL) which were mostly restricted to the thymus ( Figure 1A ), over-expressed Bcl2 19 and, as previously described, 17 were recurrently Notch1-dependent ( Figure  1C) (Figure 2A and B) . Remarkably, tumors were typically CD4 SP (never CD8 SP), and none of them expressed the transgenic H-Y TCR ( Figure 2B ). Thus, regardless of the model used, the expression by (pre-)tumoral thymocytes of a fit TCR is counter-selected during T-ALL development. Figure S4) .
These data suggest that Pten-deficient H-Y + TCR thymocytes are eliminated instead of positively selected, and that this counter-selection occurs before full malignant transformation, preventing leukemia development. Figure 2D ). Such differentiation arrest could provide an additional opportunity for malignant transformation.
Disruption of final maturation of Pten-deficient SP cells
Fit TCR signaling acts as a tumor suppressor
With the premise that Pten-deficient cells with fit TCR are counter-selected, we next assessed whether cells carrying low affinity (unfit) TCR were prone to leukemia development. OT-II TCR originates from CD4 ). Leukemic blasts in the spleen were mostly CD4 + (Table 1) mouse was further screened by cytometry using a Vβ panel and (B) the result indicates that this T-ALL expresses a TCRVα2Vβ14 receptor (see also Figure 3A ). This indicates that in a context of sub-optimal positive selection, Pten del OT-II + blasts are not counterselected, but rather bypass death-by-neglect during positive selection allowing further leukemia development.
Altogether our data indicate that, in Pten-deficient T-ALL mouse models, fit TCR functions as a tumor suppressor impeding thymocytes to develop leukemia, while thymocytes expressing no or unfit TCR are prone to leukemogenesis.
TCRαβ signaling is disabled in Pten-deficient T-ALL
We next asked whether endogenous TCRαβ + from Pten del mice, which presumably passed positive selection
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1004 haematologica | 2018; 103(6) Table S6 and Online Supplementary Figures S5 and S6A) . By contrast, no rescue could be obtained for T-ALL blasts from the Pten del T-ALL model, and TCRαβ + Pten del leukemic cells quickly died with or without stimulation. To further investigate the impact of TCR triggering at the molecular level, freshly harvested tumors were CD3/CD28 stimulated for 2 min and analyzed by immunoblotting with antibodies specific for phosphorylated tyrosine species (P-Tyr) ( Figure 4B ). In control purified DP and non-purified (NP) mouse WT thymocytes, activation of the TCR pathway triggered various intracellular signaling molecules 23 leading to a marked increase in the pattern of global tyrosine phosphorylation ( Figure 4B and C), as previously described. 24 Similar results were obtained with Cdkn2a -/-T-ALLs, in line with proliferation data described above. By contrast, global tyrosine phosphorylation was significantly dampened in murine TCRαβ + Pten del T-ALLs ( Figure 4B and C). However, P-Tyr antibody does not detect the activation of AKT which is the main downstream target of Pten. 12 Thus, we specifically monitored phosphorylation of Akt at Ser473. It was previously showed that Akt phosphorylation was very high in non-tumoral Pten-deficient thymocytes compared to Pten-proficient thymocytes. 13 However, we found that P-Akt levels in Pten del T-ALL are similar to the one detected for WT thymocytes and Cdkn2a -/-T-ALL ( Figure 4B and C) and thus are lower than one might expect from Ptendeficient thymocytes. 13 It is noteworthy that when we induced inactivation of Pten in Cdkn2a -/-T-ALL cells, the ability of those cells to proliferate upon stimulation was conserved (Online Supplementary Figure S7) , suggesting that once pre-tumoral thymocytes have passed selection and the tumor is established, late deletion of Pten no longer interferes with TCRmediated activation. In the same line, T cells from diseasefree Pten del spleen were able to proliferate upon anti-CD3/28 stimulation (Online Supplementary Figure S8) , confirming that, per se, Pten loss is not directly responsible for the TCR signaling inhibition observed in Pten del T-ALL. Together with the fact that human late cortical T-ALLs are frequently carrying PTEN loss-of-function alterations, 5 this pointed to a possible role of Pten loss in the dysregulation of the selection process. We thus assessed whether the above observation indicating that TCR signaling is impaired in Pten-deficient T-ALL was relevant in human primary T-ALL samples. To obtain adequate quantities of viable human leukemia cells devoid of contaminating residual physiological mature T cells, samples from T-ALL patients were engrafted into immunodeficient NSG mice. In our patient-derived xenograft (PDX) collection, PTEN was present in all TCR neg T-ALL, while it was not expressed in 5 out of 6 TCRαβ + samples. We investigated the 5 PTEN-deficient TCRαβ + T-ALL (T-ALL 8, 9, 35, 38 and 47; their corresponding xenografts were denoted Xg8, Xg9, Xg35, Xg38 and Xg47), and 5 TCR neg T-ALLs were used as controls (Xg3, Xg13, Xg20, Xg23 and Xg40) (Online Supplementary Table S7 and Online Supplementary Figure S6B ). Leukemic grafts were harvested from mice and stimulated with anti-CD3 and anti-CD28. In contrast to mouse, human T-ALL do not die quickly in liquid culture; thus we assessed the impact of TCR stimulation at the cellular level. We observed that activation-induced cell death (AICD) was triggered for only 1 TCRαβ + T-ALL (Xg35), the remaining 4 TCRαβ + T-ALL, as well as control TCRneg T-ALLs, being resistant to AICD (Figure 4D and E). To investigate signaling downstream of the TCR, as described above for mouse T-ALL, PDX cells were lysed 2 min post activation with anti-CD3/CD28, and analyzed by immunoblotting. In control (disease-free) non-purified (NP) or purified CD4 SP human thymocytes, activation of the TCR pathway led to a marked increase in the pattern of global tyrosine phosphorylation. In contrast, the TCRαβ + T-ALLs samples showed a reduced and somewhat intermediate activation of tyrosine phosphorylated species compared to NP or CD4 SP thymocytes and TCRαβ neg controls ( Figure 4F ). Globally, the P-Tyr activation index of TCRαβ + T-ALL was significantly lower than physiological controls (NP or CD4 SP; P<0.05) but not significantly higher than TCRαβ neg T-ALL ( Figure 4G ). In contrast, AKT phosphorylation was detected in PTEN-deficient TCRαβ + T-ALLs in unstimulated conditions, then following stimulation, it was slightly increased (approx. 3.5-fold) and ended up equivalent to CD4 SP positive control ( Figure 4G ). αβTCR signaling acts as a tumor suppressor haematologica | 2018; 103(6) Figure 5 . Model for integration of Pten loss-of-function and TCR signaling-mediated tumor suppression. In the context of Pten loss, thymocytes bearing fit or high affinity TCR would be eliminated while those bearing no/low affinity TCR would be rescued from death-by-neglect. However, harboring TCR complex that does not signal properly would prevent further thymocyte differentiation, providing an additional opportunity for malignant transformation.
Taken together, these data indicate that both in mouse and human, TCRαβ signaling network is largely disabled in PTEN-deficient TCRαβ + T-ALLs.
Discussion
Here we undertook to investigate the impact of TCR signaling during T-ALL leukemogenesis. We show that in a mouse model of Pten loss-of-function, a frequent event among human TCRαβ + T-ALLs (approx. 70%) (Online Supplementary Table S8) , early counter-selection of fit TCRαβ + thymocytes, occurs before the onset of leukemia development. Furthermore, we show that established TCRαβ + T-ALLs are carrying TCRs which are unfit and/or impaired in signaling.
T-ALLs represent the malignant counterparts of most thymocyte stages of development. Analysis of T-ALL subtype distribution based on a human T-ALL cohort of 230 subjects 25 showed that early immature (n=52), cortical T-ALL (n=103), mature TCRgδ + T-ALL (n=36) and mature TCRαβ + T-ALL (n=39) represent 22.6%, 44.8%, 15.6% and 17%, respectively, of T-ALL cases. Intriguingly, among the TCR + T-ALL, TCRαβ + T-ALLs were under-represented (52%) relative to TCRgδ + (48%) compared to physiological counterparts in which TCRαβ largely dominate the fraction of TCR + thymocytes (approx. 95% vs. approx. 5% TCRgδ). 26 Unlike αβ T cells, gδ T cells are not restrained to MHC and do not undergo conventional MHC-mediated positive and negative selections. 26, 27 Conversely to pre-tumoral αβ T cells, pretumoral gδ T cells might thus not be counter-selected, possibly explaining their over-representation compared to TCRαβ + T-ALL. Our in vivo data showed that pre-tumoral Pten del cells with unfit TCR signaling (OT-II in I-A b/d background) are positively selected for leukemogenesis, while thymocytes with fit TCR signaling (H-Y or OT-II in I-A b/b background) are counter-selected and never developed leukemia. Thus this study points to a role of Pten during the positive selection process. Yet the specific molecular mechanism allowing positive selection of pre-tumoral cells with unfit TCR (and counter-selection of cells with fit TCR) in the absence of Pten remains to be determined. A possible scenario would be that Pten loss merely shifts the window of positive and negative selection thresholds ( Figure 5 ). On one hand, PTEN loss might substitute for missing TCR signaling, allowing cells with no TCR or low affinity TCR to be rescued from death by neglect and bypass positive selection. Accordingly, an increase in positively selected T cells was observed in mouse models in which AKT was hyperactive. 28 Herein, we found that, following TCR-stimulation, AKT activation is similar in Pten-deficient T-ALL and in WT thymocytes. Therefore, while most of the TCR signaling network is disabled (Figure 4) , AKT pathway appears 'normal' and, in the context of our scenario ( Figure 5 ), is likely to be the main element contributing to the bypass of positive selection by Pten-deficient thymocytes harboring unfit/low TCR. On the other hand, integration of signals resulting from both PTEN loss and a fit TCR (passing positive selection) might reach over-thethreshold signaling and trigger negative selection, eliminating thymocytes carrying fit TCRs even before malignant transformation. This would involve multiple pathways downstream of PTEN loss, 12 ,29 since a mere AKT hyperactivation was insufficient to recapitulate the loss of fit H-Y + thymocytes. 28 A challenging perspective would be to decipher the molecular mechanism underlying the counter-selection of Pten-deficient fit αβ TCR + thymocytes and then to assess the possibility of activating this apoptotic program in tumoral cells.
Our data indicate that TCRαβ signaling pathway is actively involved in T-ALL oncogenesis. We show that TCRαβ signaling can impede the development of Ptendeficient tumors and thus acts as a bona fide tumor suppressor. However, given the diametrically opposed effect of TCR activation on discrete stages of T-cell development, the TCR might also have pro-oncogenic effects in other contexts and/or developmental stages. For example, we show that in a Pten-proficient Cdkn2a -/-T-ALL model, TCRαβ + tumors are sensitive to TCR activation. Likewise, thymocytes harboring fit H-Y TCR are not counter-selected in female TEL-JAK2 mouse model and develop leukemia. 8 In the same line, Pten-deficient TCRα -/-or SLP76 -/-mice, in which TCR signaling is abrogated, display delayed tumor onset. 17 Yet, and in contrast to the Pten del model, TCRα -/-and SLP76 -/-thymocytes are blocked before (and therefore not subjected to) positive selection. 30, 31 Pre-TCR might also be directly involved in oncogenesis. For instance, in dominant active NOTCH1 (ICN1) model, pre-TCR signaling is required for tumorigenesis. 32 Conversely [Rag1 -/-x Pten del ] thymocytes that are devoid of pre-TCR bypass β-selection and develop DP T-cell lymphoma in short latency ( Figure 1) ; this is also in striking contrast to Pten-deficient TCRα -/-or SLP76 -/-thymocytes (described above) that express a pre-TCR and for which leukemogenesis is impaired. 17 In normal β-selected cells, the exit of proliferation is induced by pre-TCR signals that inhibit Notch1 pathway leading to Myc downregulation. 33, 34 In [Rag1 -/-x Pten del ] DP lymphoma, Notch1 pathway is systematically activated leading to sustained expression of Myc ( Figure 1C ) it might be that pre-TCR signaling exerts a tumor suppressor role by shutting down Notch1 and Myc pathways.
A recent study indicated that TCRαβ + T-ALL were prone to activation-induced cell death (AICD), and anti-CD3 stimulation of TCR signaling was proposed as a therapeutic strategy to eliminate leukemic blasts. 8 By contrast, most of our TCRαβ + T-ALL samples (4 of 5) were resistant to AICD ( Figure 4E ). This discrepancy could be due to the stage of arrest (before or after positive/negative selections) of T-ALL samples, as in both studies sensitive TCRαβ + samples (4 of 5 in the in vivo analysis of Trinquand et al. 8 and 1 of 5 in our study) were CD1a + , consistent with an arrest at cortical DP stage, during which positive and negative selections occur. 35 In contrast, AICD-resistant samples in both studies represented true late-cortical CD1a neg SP T-ALLs. 
